Liquid biopsies from cancer patients have the potential to improve diagnosis and prognosis. The assessment of surrogate markers of tumor progression in circulating extracellular vesicles could be a powerful non-invasive approach in this setting. We have characterized extracellular vesicles purified from the lymphatic drainage also known as exudative seroma (ES) of stage III melanoma patients obtained after lymphadenectomy. Proteomic analysis showed that seroma-derived exosomes are enriched in proteins resembling melanoma progression. In addition, we found that the BRAF V600E mutation can be detected in ES-derived extracellular vesicles and its detection correlated with patients at risk of relapse.
Introduction
LN metastases are associated with poor prognosis in cancer patients (Karaman and Detmar, 2014) . The number of metastatic LNs is directly correlated with a decrease in overall survival, enhanced tumor aggressiveness, and the need for systemic therapies. In the clinical setting, exudative seroma (ES) obtained from the drainage placed at the anatomical location of the resected sentinel LN (sLN) has been used to profile disease markers in melanoma patients (Włodzimierz et al., 2004; Rutkowski et al., 2008) . Tumor-derived extracellular vesicles (EVs), and more specifically exosomes, reach the sLNs, favoring metastatic spread (Hood et al., 2011; Pucci et al., 2016; Srinivasan et al., 2016) . This is consistent with the role of tumor-secreted exosomes in the formation of premetastatic niches at distal sites (Hoshino et al., 2015; Peinado et al., 2017) . However, EV profiling in human ES has not been reported.
In this work, we have characterized for the first time EVs from the ES obtained from the lymphatic drainage implanted after lymphadenectomy in melanoma patients. Proteomic profiling demonstrated that EVs carry melanoma-specific signatures.
Importantly, BRAF V600E mutation is detected in ES-derived vesicles and related to a shorter disease-free survival.
Results and discussion

ES collected after lymphadenectomy is enriched in exosomes
We characterized the number of circulating exosomes in matched frozen ES and plasma samples from melanoma patients using nanoparticle tracking analysis (NTA). ES contains a significantly increased number of particles than plasma (n = 11 patients; Fig. 1 A and Table S1 ). Additionally, we profiled frozen plasma (n = 20) or frozen ES (n = 40; Table S2 ) from independent cohorts of melanoma patients, observing that ES is highly enriched in exosomes compared with plasma ( Fig. S1 A) . Protein content and protein content per particle were reduced in ES-derived exosomes, suggesting that the increased number of particles observed in ES is not related to protein contamination (Fig. 1, B and C). The size of particles in ES was also significantly increased (median size: 148 nm; mean size: 179 nm) compared with plasma (median size: 126 nm; mean size: 152 nm; Fig. 1 D and Fig. S1 B) . We performed electron microscopy (EM) after standard or gradient ultracentrifugation ( Fig. 1 , E-G; and Fig. S1 C) , demonstrating the integrity of exosomes and the increased size. Moreover, ES-derived exosomes display a more heterogeneous size distribution than plasmacirculating exosomes (Fig. 1 H) . Notably, Broggi et al. in this issue reported comparable results. Analysis of particle number and protein stratified by LN involvement demonstrated that particle concentration was not significantly affected across the different substages ( Fig. 1 I) . However, the amount of proteins per particle tended to increase through tumor progression ( Fig. 1 J) , as described for plasma-circulating vesicles (Peinado et al., 2012) .
Exosomes derived from ES and plasma display different proteomic profiles
We compared the protein cargo in ES-and plasma-derived vesicles from matched samples (n = 11 patients; Table S1 ) by liquid chromatography-tandem mass spectrometry (LC-MS/ MS). Exosomal origin of ES preparations was verified by the identification of 93 out of 100 most-frequent proteins found in exosomes from the ExoCarta database (Simpson et al., 2012; Fig. 2 A, upper Venn diagram) . In plasma samples, we identified 75 proteins from the top 100 proteins specified in the ExoCarta database (Fig. S1 D) . Proteins detected in ES-derived exosomes outnumbered proteins in plasma-derived exosomes ( Table S3 ). Exosomal markers CD63, CD81, and CD9 were analyzed in both fluids by Western blot (Fig. 2 B) . We performed unsupervised hierarchical cluster analysis and observed that samples clustered by fluid, reasserting the different characteristics of plasma and ES (Fig. 2  C) . We found 745 proteins significantly more abundant in ESthan in plasma-derived exosomes, including HSP90B, Annexin A1, S100 A4, NRAS, and Lactoferrin (Fig. S1 F) . Functional analysis showed a significant enrichment in several pathways in (I) and estimation of the ratio of exosomal protein stratified by LN involvement substage (J). N0, no metastatic LNs; N1, 1 metastatic LN; N2, 2-3 metastatic LNs; N3, ≥4 more metastatic LNs (N0, n = 4; N1, n = 15; N2, n = 11; N3, n = 8). All data are shown as mean ± SEM. ***, P < 0.001; **, P < 0.01; ns, not significant as determined by paired Student's t test (A-D), unpaired Student's t test (G), or ANOVA (I and J). Exo, exosomes.
ES-derived exosomes related to antigen presentation, endoplasmic reticulum (ER)-phagosome pathway, G2/M transition, and IL-12 family signaling (Fig. S1 G) . We analyzed HSP90 and TRP-2, previously described as enriched in plasma-circulating exosomes from melanoma patients and correlated with progression (Peinado et al., 2012) . While TRP-2 was found in both fluids, HSP90 was only detected in ES-derived exosomes (Fig. 2 D) .
We next profiled the protein cargo of exosomes from human melanoma cell lines (WM164, SK-MEL-28, and SK-MEL-103). 1,107 proteins were identified, 627 proteins were common to all of the cell lines (Fig. 2 E and Table S4 ), and 96 of the top 100 proteins defined by ExoCarta were among them (Fig. S1 H) . The protein classes included guanosine triphosphate (GTP)-binding and chaperones, among others (Fig. S1 I) . Functional analysis revealed that pathways related to membrane trafficking, RAF/ MAPK signaling, ER-phagosome pathway, and immune system, among others, were enriched in melanoma cell line-derived exosomes (Fig. 2 F) .
Unsupervised hierarchical clustering of melanoma modeland primary melanocyte-secreted exosomes showed the segregation between exosomes from tumor and non-tumor cells (Fig. 2 G) . Principal component analysis (PCA) confirmed robust differences in the proteomic patterns of melanoma-and melanocyte-derived exosomes (Fig. S1 J) . 249 proteins were significantly up-regulated in melanoma-derived exosomes ( Fig. 2 H and Table S5 ). Functional analysis showed a significant enrichment in networks of pathways related to extracellular matrix organization and MET signaling, among others (Fig. 2 I) . Interestingly, we found that 605 proteins present in melanoma exosomes were also detected in ES-derived EVs, while only 256 were identified in plasma-derived exosomes (Fig. S1 K) .
Melanoma signaling pathways in ES-derived exosomes
We next profiled by LC-MS/MS exosomes purified from ES of 14 melanoma patients with different regional LN involvement (Table S6) . We found a total of 1,041 proteins (Table S7) ; 702 of these proteins have not been identified previously in lymph proteome-related datasets (Hansen et al., 2015;  Fig. S2 A and Table S8 ). There was a significant enrichment in GDP-binding related proteins, endopeptidases, and enzyme inhibitors in ES-derived EVs (Fig. S2 B) . The analysis showed an enrichment in pathways involved in immune response, protein activation, and proteolysis ( Fig. S2 C) . Interestingly, axon guidance and activation of RAF/MAPK cascades were among the pathway networks significantly associated with the proteins shared between ES-derived exosomes and melanoma cell-derived exosomes (Fig. 3 A) . We observed that unsupervised hierarchical clustering or PCA did not stratify samples according to their LN involvement (Fig. 3 B and Fig. S2 D) . The intragroup coefficient of variation ranged from 0.5043 to 0.6021 for all groups analyzed here ( Fig. S2 E) , suggesting that the protein profiles did not vary considerably across substages or that interpatient heterogeneity precluded the identification of distinct patterns.
We ruled out the presence of contaminants such as bloodrelated proteins in ES-derived EVs. Deconvolution of proteomic data using the GlioVis tool (Bowman et al., 2017 ) revealed blood cell signatures (Fig. S2 F) , but their contribution was <2% in our samples (Fig. S2 G) . The contribution of other contaminants, such as apolipoproteins, was also ∼1.27% (Fig. S2 G) . We found that 38% of the proteins in exosomes derived from human lymphatic endothelial cells (Brown et al., 2018) were also present in our ES samples as well as the 43% of associated inflammatory markers (Fig. S2 H) . We found 17 groups of pathways significantly enriched in N3 versus N1a patients, including MAPK2/MAPK signaling, hemostasis, platelet activation, and complement cascade pathway, among others ( Fig. 3 C and Table  S9 ). Several signaling networks were still significantly enriched after restricting the analysis to the up-regulated proteins in N3 ES-derived exosomes common to the melanoma cell linederived exosome dataset (Fig. 3 D) . Importantly, several RAS/ RAF/MAPK-related pathways were enriched in ES-derived exosomes from N3 melanoma patients compared with N1a patients (Fig. 3 E) .
Comparison of the ES-derived exosome dataset with a list of proteins differentially expressed in LNs from the American Joint Committee on Cancer (AJCC) melanoma stage III patients with good and poor prognosis (Mactier et al., 2014) showed that 65% of these proteins were identified in ES-derived exosomes (Fig. 3 F and Table S10 ). Furthermore, ∼80% of the 21 prognostic markers for stage III melanoma selected in this study were also present in ES-derived EVs ( Fig. 3 F and Table S11 ). Interestingly, HSP90 was one of the common markers between the two datasets. However, no differences in HSP90 protein levels were observed among patients with no evidence of disease or patients alive with disease, and similar results were obtained for . Our data suggest that, although the proteomic cargo in ES-derived exosomes cannot discriminate between patients with different LN involvement or different outcome, signaling pathways associated with melanoma tumor cells and their secreted EVs were overrepresented in ES-derived EVs from N3 compared with N1a patients. Remarkably, Broggi et al. (2019) have reported a similar enrichment in melanomaassociated proteins and pathways.
Detection of BRAF mutation in ES-derived EVs
Finally, we assessed whether DNA in seroma-derived EVs could be used to detect surrogate markers of disease progression. Mutations in the V600 codon of BRAF are found in 35-50% of human melanomas (Luke et al., 2017) . Previous studies have demonstrated a significant association between mutant BRAF levels in plasma cell-free DNA (cfDNA) and melanoma outcome in patients (Santiago-Walker et al., 2016; Calapre et al., 2017) . EV-derived DNA has been analyzed in lung cancer, glioblastoma, and pancreatic cancer (Allenson et al., 2017; Figueroa et al., 2017; Yang et al., 2017; Castellanos-Rizaldos et al., 2018) . Since mutations in coding regions can be found in cfDNA and exosomal RNA/DNA (Thakur et al., 2014; Möhrmann et al., 2018) , we combined all these nucleic acid fractions, analyzing EVassociated nucleic acids (EV-NAs) for BRAF mutation in ES (Fig. 4 A) .
We analyzed BRAF mutation in ES EV-NAs obtained from 17 melanoma patients with different levels of LN involvement (from N0 to N3) after lymphadenectomy (Table S12) . Of the 17 patients, 10 were tested also for BRAF mutation in tumor tissue by PCR at diagnosis (Fig. 4 B) . We verified BRAF mutation in paraffin-embedded LN sections and confirmed the status of all patients (Fig. S3 A) . Next, we analyzed the BRAF mutation in EVNAs performing an allele-specific quantitative PCR with a limit of detection of 0.002% mutant allele frequency and a limit of quantification of 10 copies, 0.01% mutant allele frequency. We found ∼700 times more BRAF WT copies present in ES-than in plasma-derived EVs (Fig. 4 C) . Notably, the analysis of BRAF mutation in the cfDNA fraction of ES failed to detect mutant BRAF even in the sample 4.4 that presented the largest number of BRAF V600E copies per milliliter (Fig. S3 B) . All patients found to be BRAF negative in tumor samples were also BRAF negative in ES-EVs, indicating that specificity was 100% (Fig. 4 B) . In four out of the eight cases diagnosed as BRAF V600E in tumor or LN tissue, the mutation was also detected in ES-derived EVs (Fig. 4 B) . Interestingly, all these patients relapsed with distal metastases between 56 to 463 d after lymphadenectomy (Fig. 4, B and D) . Only two out of all cases in which BRAF mutation was not detected in EV-NAs progressed after lymphadenectomy but in a time over 647 d (Fig. 4 B) . Remarkably, in patients diagnosed as BRAF V600E by tissue biopsy, the EV-NA test for BRAF mutation showed that patients positive for this test had a median survival of 146.5 d versus 715 d for patients negative for BRAF mutation Fig. 4 E; log-rank P = 0.0067). Although tumor burden in those BRAF V600E patients predicted a similar PFS, it did not reach statistical significance (Fig. S3 D) . The median survival of patients was 715 d for low tumor burden (tumor burden 1, micrometastasis) versus 185 d for high tumor burden (tumor burden 3, macrometastasis), with log-rank P = 0.0532 (Fig. S3 D) . Although the presence of the BRAF mutation in tissue biopsy indicated a faster relapse (569.5 d) compared with noncarriers (Fig. 4 F ; log-rank P = 0.0418), our analysis of BRAF V600E mutation in seroma EV-NAs stratified patients independently of BRAF status in tumor and/or LNs. The analysis showed a significantly shorter PFS for EV-NA BRAF V600E patients (146.5 d), whereas median PFS for EV-NA BRAF WT patients was 1,594 d with a log-rank P < 0.0001 (Fig. 4 G and Fig. S3  E) . Thus, detection of the BRAF V600E mutation in ES-derived EV nucleic acids could serve as a minimal residual disease/ prognostic indicator, with added value over the current tissue biopsies being an almost real-time predictor of risk right after lymphadenectomy.
In summary, we demonstrate for the first time that ESderived EVs may represent a useful surrogate marker of melanoma progression and are suitable to detect melanoma-specific mutations. The ES obtained through lymphatic drainage is a biofluid enriched in EVs compared with plasma. We also found a remarkable overlap between proteins and pathways in ESderived exosomes and melanoma cell line-secreted exosomes. Furthermore, detection of BRAF mutation in ES vesicles obtained through lymphatic drainage may be a novel parameter to identify patients at risk of relapse probably due to the presence of residual disease. These patients could subsequently benefit from specific adjuvant therapies right after surgery. 
Materials and methods
Patient and sample collection
The study included several independent cohorts of melanoma patients (n = 40 for ES collection and n = 20 for plasma collection) and a cohort of matched plasma/ES samples obtained after lymphadenectomy from 11 patients. The samples were provided by Dr. P. Rutkowski (Maria Sklodowska-Curie Institute Oncology Center, Warsaw, Poland) and Dr. P.L. Ortiz-Romero and Dr. J.L. Rodriguez-Peralto (Hospital 12 de Octubre, Madrid, Spain). Patients were considered eligible if they were diagnosed with cutaneous melanoma with regional LN involvement (stage III) according to the AJCC determined by histological analysis and if they underwent radical LN dissection. Complete LN dissection was performed due to clinical nodal metastases or positive sLN biopsy together with the exclusion of distant metastases by imaging (computed tomography, or magnetic resonance, and/or positron emission tomography-computed tomography).
Lymphadenectomy was performed within 4-8 wk after sLN biopsy or after cytological/pathological diagnosis of clinical (palpable) metastases. All patients were followed carefully, with a median follow-up time of 15.7 mo. Routinely, surveillance was recommended every 3-4 mo. "No evidence of disease" was defined as no recurrence of disease as determined by LN palpation and imaging according to national recommendations and "alive with disease" as relapse of disease on treatment. The characteristics of the patients in the different cohorts are summarized in Tables S1, S2 , and S12. All samples were collected using clinical study protocols approved for this purpose by the Instituto de Salud Carlos III Committee for Ethical Research. All individuals provided informed consent for blood and seroma donation. ES samples were collected 24-48 h after radical lymphadenectomy from routinely used, sucking postoperative drainages; the localization of the LN where the drainage was placed, and where the ES was obtained, is specified in Table S12 . Kaplan-Meier plot for PFS of patients according to BRAF status in ES EV-NAs independently of BRAF status in tumor or LNs; n = 17. Data are shown as mean ± SEM. ***, P < 0.001 by unpaired Student's t test (C). Mantel-Cox log-rank test was applied to the survival curves: **, P = 0.0067 (E); *, P = 0.0418 (F); and ***, P < 0.0001 (G). AWD, alive with disease; DOD, dead of disease; NED, no evidence of disease.
After collection, samples (5-10 ml) were centrifuged for 10 min at 500 × g at room temperature and incubated with red blood cell lysing buffer for 10 min on ice. Samples were again centrifuged and supernatant was immediately frozen at −80°C. Plasma samples (initial volume ranging from 2 to 5 ml) were obtained by venipuncture from arterial blood in the upper side of the arm. Whole blood was collected in EDTA tubes, inverted for 8 to 10 times, and centrifuged for 10 min at 1,100 × g at room temperature using a swing-out bucket rotor. Then, the plasma fraction (supernatant) was poured into the collection tube and immediately frozen at −80°C.
Cell lines
Primary melanocyte cultures and melanoma cell lines (WM164, SK-MEL-28 and SK-MEL-103) were kindly provided by Dr. M. Soengas (Spanish National Cancer Research Centre, Madrid, Spain). All melanoma cell lines were grown in high glucose DMEM (Lonza) supplemented with 10% fetal bovine serum (Hyclone), 2 mM glutamine and 20 μg/ml gentamicin. Primary melanocytes were culture in 254CF medium (Gibco) supplemented with human melanocyte growth supplement (Gibco). All cells were grown at 37oC in a humidified 5% CO 2 atmosphere. For exosome isolation, cells were cultured during 72 h in medium supplemented with 10% exosome-depleted fetal bovine serum (Hyclone).
Exosome isolation
Purification of exosomes from plasma and ES was performed in the same way after thawing the samples at 37°C for 3-5 min. First, samples were centrifuged at 3,000 × g for 20 min, followed by further centrifugation of the supernatants at 12,000 × g for 20 min. The exosomes were subsequently harvested by centrifugation at 100,000 × g for 70 min. The exosome pellet was resuspended in PBS and collected by a second ultracentrifugation at 100,000 × g for 70 min. For isolation of exosomes from cell cultures, supernatant fractions were collected after 72 h and centrifuged at 500 × g for 10 min followed by centrifugations at 12,000 × g for 20 min and 100,000 × g for 70 min. Finally, the exosome pellet was washed with PBS and collected by another ultracentrifugation at 100,000 × g for 70 min. All centrifugations were performed at 10°C using a Beckman Optima X100 centrifuge with a Beckman 50.4Ti or 70.1Ti rotor. Exosomes were resuspended in PBS and the protein content was measured by bicinchoninic acid (BCA) assay (Pierce). Particle content was measured from an aliquot of 1 µl of plasma or ES exosomes diluted in 1 ml of PBS using NTA (NanoSight; Malvern) equipped with a blue laser (405 nm). For density gradient analysis, EVs isolated in the 100,000 × g pellet were loaded on top of a discontinuous iodixanol gradient prepared by diluting a stock solution of OptiPrep (60% wt/vol) with 0.25 M sucrose/ 10 mM Tris (pH 7.5) to generate 40%, 20%, 10%, and 5% wt/vol iodixanol solutions. A discontinuous iodixanol gradient was generated by sequentially layering 2 ml each of the 40%, 20%, 10%, and 5% (wt/vol) iodixanol solutions. A 100-µl volume of PBS containing exosomes was overlaid onto the discontinuous iodixanol gradient and centrifuged using a Beckman Optima X100 with a 70.1Ti rotor at 10°C for 16 h. Fractions of 1 ml were collected from the top of the gradient and analyzed for particle concentration by NTA. Positive fractions (5, 6, and 7) were diluted in 20 ml in PBS and centrifuged at 100,000 × g for 70 min at 10°C using a Type 70 Ti rotor. The resulting pellets were resuspended in 100 µl PBS.
EM
For negative staining, purified exosome fractions were applied onto freshly glow-discharged, carbon-coated, 400-mesh copper EM grids at a concentration of 4 × 10 7 particles/ml and incubated for 5 min at room temperature. The grids were placed consecutively on top of three distinct 50-µl drops of MilliQ water, rinsed gently for 2 s, laid on the top of two different 50-µl drops of 1% uranyl acetate, and stained for 1 min. Finally, the grids were rinsed gently for 5 s and air dried. Grid visualization was performed on a Tecnai 12 transmission electron microscope (Thermo Fisher Scientific) with a lanthanum hexaboride cathode operated at 120 keV. Images were recorded at 21,900 nominal magnification with a 4k×4k TemCam-F416 CMOS camera (TVIPS).
Immunoblotting
Exosomal protein content was measured by BCA, and aliquots of 10 µg were used for Western blot analysis. Exosomes were lysed in Laemmli buffer at 95°C for 5 min, and the protein extracts were resolved by SDS-PAGE and probed using antibodies against HSP90 (1:1,000, SMC-107; Stressmarq Bioscience), TRP-2 (1:1,000; PEP8, kindly supplied by Dr. V.J. Hearing, National Institutes of Health, Bethesda, MD), β-actin (1:10,000, no. A5441; SigmaAldrich), GADPH (1:7,000, no. ab8245; Abcam), CD-9 (1:1,000, no. 92726; Abcam). Anti-CD63 and anti-CD81 hybridomas were kindly supplied by Dr. M. Yáñez-Mo (Molecular Biology Centre, Madrid, Spain). Peroxidase-conjugated AffinityPure donkey anti-rabbit or anti-mouse (1:5,000; Jackson ImmunoResearch) were used as secondary antibodies and their binding was detected using ECL Western Blotting Substrate kit (GE Healthcare). The intensity of the immunoreactive bands was quantified by densitometry using ImageJ software (National Institutes of Health).
Sample preparation for proteomic analysis
The protein content of ES-and plasma-derived exosomes isolated as described above was solubilized using 8 M urea in 100 mM Tris-HCl (pH 8.0). Samples (7.5 µg) were digested using the standard filter-aided sample preparation protocol. Briefly, proteins were reduced (10 mM dithiothreitol, 30 min, room temperature), alkylated (55 mM iodoacetamide, 20 min in the dark, at room temperature), and sequentially digested with Lys-C (protein-to-enzyme ratio, 1:50; overnight at room temperature; Wako) and with trypsin (protein-to-enzyme ratio, 1:100; 6 h at 37°C; Promega). Resulting peptides were desalted using C 18 stage-tips.
Mass spectrometry
For the proteomic analysis of matched ES-and plasma-derived exosomes, LC-MS/MS was performed by coupling an Ultimate 3000 RSLCnano System (Dionex) with a Q-Exactive Plus mass spectrometer (Thermo Scientific). Peptides were loaded into a trap column (Acclaim PepMap 100; 100 µm × 2 cm; Thermo Scientific) over 3 min at a flow rate of 10 µl/min in 0.1% formic acid (FA). Then peptides were transferred to an analytical column (PepMap rapid separation liquid chromatography C18; 2 µm, 75 µm × 50 cm; Thermo Scientific) and separated using a 120-min effective linear gradient (buffer A: 0.1% FA; buffer B: 100% acetonitrile, 0.1% FA) at a flow rate of 250 nl/min. The gradient used was as follows: 0-5 min 2% B, 5-7 min 5% B, 7-100 min 20% B, 100-127 min 38% B, 127-137 min 98% B, and 137-145 min 2% B. The peptides were electrosprayed (2.1 keV) into the mass spectrometer through a heated capillary at 300°C and an S-Lens radio frequency (RF) level of 50%. The mass spectrometer was operated in a data-dependent mode, with an automatic switch between the MS and MS/MS scans using a top 15 method (minimum automatic gain control target, 3E3) and a dynamic exclusion time of 32 s MS (350-1,400 m/z), and MS/MS spectra were acquired with a resolution of 70,000 and 17,500 full width at half maximum (FWHM; 200 m/z), respectively. Peptides were isolated using a 2 Thompson unit (Th) window and fragmented using higher-energy collisional dissociation at 27% normalized collision energy. The ion target values were 3E6 for MS (25-ms maximum injection time) and 1E5 for MS/MS (45-ms maximum injection time). Samples were analyzed twice.
For the proteomic analysis of ES exosomes derived from patients with different LN involvement, LC-MS/MS was performed by coupling a nanoLC-Ultra 1D+ system (Eksigent) with an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) via a Nanospray Flex source (Thermo Fisher Scientific). Peptides were loaded into a trap column (NS-MP-10 BioSphere C18 5 µm, 20-mm length; Nanoseparations) over 10 min at a flow rate of 2.5 µl/min in 0.1% FA. Then, peptides were transferred to an analytical column (ReproSil Pur C18-AQ 2.4 µm, 500-mm length and 0.075-mm internal diameter [ID] ) and separated using a 120-min linear gradient (buffer A: 4% ACN; 0.1% FA; buffer B: 100% ACN; 0.1% FA) at a flow rate of 250 nl/min. The gradient used was as follows: 0-2 min 6% B, 2-103 min 30% B, 103-113 min 98% B, and 113-120 min 2% B. The peptides were electrosprayed (1.8 keV) into the mass spectrometer with a PicoTip emitter (360/20 Tube OD/ID µm, tip ID 10 µm; New Objective), using a heated capillary temperature of 325°C and an S-Lens RF level of 60%. The mass spectrometer was operated in a data-dependent mode, with an automatic switch between the MS and MS/MS scans using a top 15 method (threshold signal ≥800 counts and dynamic exclusion of 60 s). MS spectra (350-1,500 m/z) were acquired in the Orbitrap at a resolution of 60,000 FWHM (400 m/z). Peptides were isolated using a 1.5-Th window and fragmented using collision-induced dissociation with a linear ion trap read-out at an normalized collision energy of 35% (0.25 Q-value and 10-ms activation time). The ion target values were 1E6 for MS (500-ms maximum injection time) and 5,000 for MS/MS (100-ms maximum injection time). Samples were run in duplicate.
Proteomic data analysis Raw files were processed with MaxQuant (v 1.5.1.2) using the standard settings against a human protein database (UniProtKB/ Swiss-Prot, August 2014, 20,187 sequences) supplemented with contaminants. Label-free quantification was done with match between runs (match window of 0.7 min and alignment window of 20 min). Carbamidomethylation of cysteines was set as a fixed modification, whereas methionine oxidation and N-term acetylation were variable protein modifications. The minimal peptide length was set to seven amino acids, and a maximum of two tryptic missed-cleavages was allowed. The results were filtered at 0.01 false discovery rate (FDR; peptide and protein level) and subsequently the "proteinGroup.txt" file was loaded in Perseus (v1.5.1.6) for further statistical analysis. A minimum of 50% label-free quantification valid values per group was required for quantification. Missing values were imputed from the observed normal distribution of intensities. Then, a two-sample Student's t test with a permutation-based FDR was performed. Only proteins with a q-value <0.05 and log 2 ratio >1.32 or < −1.32 were considered as regulated.
Analysis of GOterms and Reactome pathways was performed using the ClueGO plug-in v2.5.1 run on Cytoscape v3.6.0. The human ExoCarta database was considered as the reference set list, and a right-sided hypergeometric test was selected for enrichment analysis. A Bonferroni stepdown test was applied, and only GOterms and pathways with at least P < 0.05 were considered for analysis.
The MS proteomic data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifiers PXD009505 and PXD012042.
Analysis of BRAF mutations in ES-derived vesicles
All patient samples were analyzed using the ExoDx BRAF V600E/ K test by Exosome Diagnostics. In summary, 1 ml of fluid from each sample was used for co-isolation of exosomal RNA and DNA along with any cfDNA present using the ExoLution Plus extraction technology (Exosome Diagnostics), followed by nucleic acid purification. The total nucleic acids were subjected to reverse transcription and a highly sensitive quantitative PCR analysis of BRAF WT as well as BRAF V600E and BRAF
V600K
.
DNA extraction from paraffin tissue for BRAF analysis DNA was isolated from paraffin tissue sections with a Maxwell RSC DNA FFPE kit (Promega) and quantified using a Quantus Fluorometer (Promega). DNA from tumor specimens was analyzed using the Cobas 4800 BRAF V600 Mutation test (Roche) following the manufacturer's instructions. For DNA obtained from LN samples, the target region was amplified using a Qiagen Multiplex PCR kit (Qiagen) and PCR was performed with BRAF specific primers (forward 59-TGCTTG CTCTGATAGGAAAATGAGA-39 and reverse 59-CCATCCACA AAATGGATCCAGACA-39) under the following cycling conditions: 15 min at 95°C, 5 cycles of 64°C, 5 cycles of 62°C, and 35 cycles of 60°C. The samples were then prepared for sequencing using the 16S Metagenomic Sequencing Library Preparation kit for the Illumina MiSeq System (Illumina) following the manufacturer's protocol.
cfDNA isolation cfDNA was extracted from ES samples using a QIAamp Circulating Nucleic Acid Kit (Qiagen) according to the manufacturer's protocol. Samples were centrifuged at 16,000 × g for 10 min before starting the extraction, and the supernatant was recovered and subjected to cfDNA extraction. cfDNA concentration was measured by a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).
Statistical analysis
The error bars in the graphical data represent the means ± SEM. When appropriate, statistical significance was determined with a paired or unpaired two-tailed Student's t test or one-way ANOVA or Mantel-Cox log-rank test for survival curves using GraphPad Prism software. For GOTerms and pathway analysis, group-corrected P values were obtained applying Bonferroni stepdown test using the ClueGO plug-in.
Online supplemental material Fig. S1 shows characterization of ES-derived exosomes. Fig. S2 shows proteomic analysis of ES-and melanoma-derived exosomes. Fig. S3 shows detection of the BRAF V600E mutation in melanoma patient samples. Table S1 shows clinicopathologic characteristics of melanoma patients for matched plasma and ES samples. Table S2 shows clinicopathologic characteristics of melanoma patients for independent plasma and ES samples. Table S3 presents proteins identified by LC/MS-MS in EVs from plasma and ES paired samples. Table S4 shows proteins identified in melanoma cell line-derived exosomes. Table S5 is an analysis of proteins differentially expressed between melanomaand melanocyte-derived exosomes. Table S6 shows clinicopathologic characteristics of the melanoma patients included in the proteomic profile of ES samples with different LN involvement. Table S7 presents proteins found in melanoma patient ESderived exosomes. Table S8 shows proteins found in melanoma patient ES-derived exosomes not found in human lymph datasets. Table S9 shows proteins upregulated in ES-derived exosomes from N3 versus N1a melanoma patients. Table S10 shows proteins differentially expressed in melanoma AJCC stage III LNs found in melanoma patient-derived ES exosomes identified in Mactier et al. (2014) . Table S11 shows prognostic markers in melanoma AJCC stage III found in melanoma patient-derived ES exosomes identified in Mactier et al. (2014) . Table S12 shows details of the cohort of patients included in the proteomic analysis for different LN involvement and the analysis of BRAF V600E in EV-NAs.
